I Executive Summary
Synthesis: Zirconium diboride and a zirconium diboride/tantalum diboride mixture were synthesized by solution-based processing. Zirconium n-propoxide was refluxed with 2,4-pentanedione to form zirconium diketonate. This compound hydrolyzed in a controllable fashion to form a zirconia precursor. Boria and carbon precursors were formed via solution additions of phenol-formaldehyde and boric acid, respectively. Tantalum oxide precursors were formed similarly as zirconia precursors, in which tantalum ethoxide was used. Solutions were concentrated, dried, pyrolyzed (800-1100
• C, 2 h, flowing Ar), and exposed to carbothermal reduction heat-treatments (1150-1800
• C, 2h, flowing Ar). Spherical particles of 200-600 nm for pure ZrB 2 and ZrB 2 -TaB 2 mixtures were formed (Publication: Y. Xie, T. H. Sanders, Jr., and R. F. Speyer, "Solution-based
Synthesis and Processing of Sub-micron ZrB 2 and ZrB 2 -TaB 2 ," in press, J. Am. Ceram.
Soc., April 2008).
Single-phase ZrB 2 powders were prepared with initial compositions of C/Zr = 4.8 and B/Zr = 3.0. ZrB 2 -based composite powders with ZrC, ZrO 2 , TaB 2 , TaC, SiC, TaSi 2 and B 4 C were prepared with particle sizes of 10-500 nm. The relative densities of ZrB 2 /B 4 C, ZrB 2 /TaB 2 , ZrB 2 /TaB 2 /B 4 C, and ZrB 2 /TaSi 2 were in the range of 91%-97% after pressureless sintering at 2020 
II Background
Transition metal borides, specifically ZrB 2 and HfB 2 are of interest for aerospace applications because of their ultra-high melting temperature (>3000 • C), high hardness and strength, and high thermal and electrical conductivities [1] - [3] . They are candidates for high-speed aircraft leading edges, as well as for structural parts in high temperature environments. Engineering of these ceramics for these applications has focused on formation of highly-sinterable powders and sintering aid additions to facilitate pressureless sintering of near-net-shape parts, and incorporation of additives which increase oxidation resistance through the formation of a passive amorphous oxide surface coating.
II.1 Synthesis
Metal borides can be synthesized by reaction between a metal oxide and boron oxide via a carbothermal reduction [4, 5] : carboxylates. Metal-organic compounds are usually subjected to hydrolysis and condensation reactions to produce polymeric or colloidal metal-oxide precursors [9] - [25] . Depending on the reaction conditions, the metal-organic compound may also be a source for some of the carbon for the carbothermal reduction reaction.
The most important advantage of solution-processing methods is that more intimate mixing of components (atomic-scale or at least molecular-scale mixing) can be achieved. However, it should be noted that preparation of solutions with atomic-or molecular-scale mixing does not necessarily ensure that the same scale of mixing will be maintained during subsequent processing steps. It is necessary to remove the liquid medium in a manner that avoids segregation of components. For example, molecular-scale mixing in the solutions may be maintained by first gelling the solutions prior to solvent removal. The hydrolysis time, temperature, and atmosphere can be altered to control the grain size and phase distribution in the resulting product, which in turn will factor into the properties of the resulting materials [26] - [28] .
II.2 Densification
Historically, ZrB 2 and HfB 2 have been hot-pressed in order to achieve high relative densitiesrequired for improved strength and thermal conductivity, and so that porosity does not mitigate oxidation resistance. Gash et al. hot pressed HfB 2 -20 vol% SiC at 2200
• C for 1 h to theoretical density [29] . More recently, pressureless sintering methods have been developed to achieve high relative densities. Sciti et al. found that a ZrB 2 -MoSi 2 powder mixture sintered well, likely via a liquid-phase sintering mechanism, and the silicon constituent facilitated improved oxidation resistance similar to the silicon from SiC additions [30] (discussed shortly). Fahrenholtz et al. have shown that high relative density can be achieved from pressureless sintering of zirconium diboride if boron oxide particle coatings are removed by vacuum heat-treatment prior to the onset of sintering, and via the use of boron carbide additives which react with ZrO 2 impurities (to form ZrB 2 , CO (g) and volatile B 2 O 3(l) ) which would otherwise hinder sintering [31, 32] . In other work, they found that WC additions (introduced via milling), and a more patient sintering period (540 min at 2150
• C) also resulted in high relative density (∼98%) [33] .
II.3 Oxidation Resistance
ZrB 2 exposed to air at elevated temperatures reacts with oxygen to form ZrO 2 and B 2 O 3 .
The B 2 O 3 scale is non-protective since boria has a high vapor pressure above ∼1200
• C (boiling point, i.e. 1 atm vapor pressure, is 1860
• C). For ZrB 2 + 20 vol% SiC, oxidation heat treatments at 1200
• C and below showed weight gain no less extensive than those of specimens composed of ZrB 2 alone. However, above 1200
• C, a borosilicate coating forms which has proven to be more impermeable to atmospheric oxygen penetration [34, 35] . Given the high volatility of boron oxide, the silica content of the borosilicate glass surface coating would be expected to increase with increasing temperature. However, the B SiC, and found that all additions (all of which formed solid solutions with ZrB 2 after sintering) improved cyclic oxidation resistance over the base composition, with TaB 2 additions being the most effective [40] . It was found that improved oxidation resistance correlated with increasing cation field strength (defined as Z/r 2 , where Z is the valence of the cation and r is the ionic radius) of the added diborides. In a borosilicate or silicate glass with transition metal cations, the tendency toward liquid immiscibility is known to increase with increasing cation field strength of the transition metal. This phase separation has been argued to result in increased viscosity [41] , which has been correlated to reduced oxygen diffusion rates [39] . A flow chart for the solution-based synthesis of ZrB 2 is shown in Figure 1 . The starting Zr-containing material was a 70 wt% zirconium n-propoxide (Zr(OC 3 H 7 ) 4 , Alfa Aesar, Ward Hill, MA) in solution with n-propanol. The zirconium n-propoxide ("Zr(OPr) 4 ") was mixed with 2,4-pentanedione ("acacH") using molar ratios of 3 (acacH to Zr(OPr) 4 ) and 2-propanol was used as a mutual diluent. This solution was refluxed (i.e. solution was heated and the vapor formed was condensed and returned to the solution to be heated again) at 170-
195
• C for 2 h for the purpose of reacting zirconium n-propoxide and 2,4-pentanedione to form zirconium diketonate, as illustrated in Figure 2 . The purpose of this was to facilitate The mixture of boric acid and phenol-formaldehyde resin was then added to the hydrolyzed Zr-containing solutions. The solutions were concentrated in a rotary evaporator (preventing the constituents from de-mixing) in a condensation reaction in which there is a buildup of species with a 3-dimensional structure. As solvent was volatilized, a residual mass formed with a sludge-like consistency. This was then dried to powders under vacuum conditions at 120-140 • C (2 h). These powders were subsequently pyrolyzed at temperatures in the range of 800-1100 • C (2 h) in a flowing argon atmosphere in an alumina tube-furnace to produce intimately-mixed not-yet-reacted zirconia/boron oxide/carbon mixtures. This temperature range was found to permit near-complete conversion to the desired oxide or carbon constituents, but was not high enough to initiate carbothermal reduction. Pyrolyzed powders were subsequently heat treated at temperatures in the range of 1200-1400
in flowing argon in a graphite tube-furnace for carbothermal reduction.
III.1.2 Zirconium Diboride
In general, zirconium n-propoxide undergoes more rapid hydrolysis reactions than the corresponding zirconium pentanedionate, and this has resulted in uncontrolled precipitation of relatively large precursor particles during the hydrolysis step. Therefore, zirconium npropoxide was first refluxed (195 • C, 2 h) with 2,4 pentanedione in order to partially or fully convert the zirconium alkoxy groups to a chelated zirconium diketonate structure.
An idealized reaction to produce stoichiometric ZrB 2 by carbothermal reduction is given by:
However, the necessary ratio of boron to zirconium was found to be ∼3:1 instead of 2:1 as dictated by reaction stoichiometry. Excess boron oxide was required to form ZrB 2 because of B 2 O 3 volatilization at elevated temperatures.
The as-dried precursor was XRD-amorphous. Initial formation of ZrB 2 was observed after heat-treatment at 1200
• C, while the intensity of t-ZrO 2 increased compared with mZrO 2 in the range 1100-1250
• C. Zirconia phases reduced to minor levels at 1300
• C, and were not observed at 1400
• C. Weight loss measurements imply that the carbothermal reduction proceeded extensively above 1100
• C, and tapers-off after heat-treatments at 1300
• C. Figure 3 shows an SEM photomicrograph of a sample (initial composition was C/Zr = 5.0, B/Zr = 300 nm Figure 3 : SEM photomicrograph a of ZrB 2 sample heat-treated at 1300
• C for 2 h in a graphite tube furnace.
3.0) heat-treated at 1300
• C showing nearly-spherical particles of sizes 200-600 nm. 
ZrB 2 first appeared at 1150 • C. There was a significant increase in peak intensity for this phase over the range 1250-1400
• C. Between 1400 and 1600
• C, ZrB 2 and TaB 2 formed a solid solution as evidenced by the merging of their respective XRD peaks after heat treatment at and above 1600
Weight loss increased abruptly from 1100
• C to 1300
• C due to carbothermal reduction, as was the case for ZrB 2 alone. This terminated at 1300
• C. Figure 4 depicts the microstructure 500 nm of the ZrB 2 -TaB 2 powder heat-treated at 1300
• C for 2 h. EDS analysis implies that each particle contained both ZrB 2 and TaB 2 . Particle sizes appear in the range of 200-600 nm.
III.2 Oxidation Resistance
Commercially-available powders were used for raw materials. The compositions of synthesized powder mixtures are given in Table 1 . These compositions were uniaxially pressed into cylindrical pellets, cold isostatically pressed, sintered in flowing argon at 2000
• C, and then hot isostatically pressed (HIPed) at 1800
• C. All post-HIPed specimens were at or very near their theoretical densities. Specimens were exposed to flowing dry air in a thermogravimetric analyzer at a constant heating rate of 3 • C/min over the range 1150-1550
• C. Figure 5 shows the mass changes for ZrB 2 -B 4 C with varying concentrations of SiC additions. With SiC additions increasing up to 13.8 vol% SiC (ZBS4), weight gain continuously increased, accelerating over the temperature range of ∼1400-1500
• C. Slopes of mass change with temperature were the same for all compositions (except ZBS18) up to ∼1350
• C. This is consistent with the work of others [34, 35] which shows that over this lower temperature range, SiC does not oxidize to contribute to forming a protective layer. For SiC contents of 19.3 vol% and above (ZBS8-ZBS18), temperature spans of mass loss are apparent. In these ranges, the net rate of mass gain from oxidation was less than the rate of mass loss from volatilization of B 2 O 3 from the amorphous borosilicate surface layer. At temperatures above these ranges, mass gain resumed, indicating the dominance of accelerating oxygen diffusion through the amorphous silica surface layer.
As shown in Figure 6 , for approximately the same SiC content, tantalum additions (in the form of TaB 2 ) resulted in improved oxidation resistance over the entire evaluated temperature span (1150-1550 • C). Figure 7 shows the effect of tantalum additions, both in the form of TaB 2 and TaSi 2 . Additions of TaSi 2 resulted in greater oxidation resistance than TaB 2 additions, though both additives were helpful. This is expected since oxidations of both Ta and Si contribute to protective species-SiO 2 which forms the protective surface glass, and Ta 2 O 5
which has been argued to facilitate phase separation (with associated viscosity increase and oxygen diffusivity decrease) in the amorphous layer [40, 42] . This result is even more striking in light of the fact that a significant weight gain should occur from the oxidation of TaSi 2 . TaSi 2 additions formed the composition with the lowest mass gain over the entire spectrum of evaluated temperatures. Figure 9 shows three layers in the cross-section of oxidized ZBS18. A 5 µm surface layer with a glassy appearance contained silicon and oxygen, but was devoid of zirconium.
A second porous layer of ∼20 µm thickness contained Zr, Si, O, and trace carbon. This porosity could have formed via capillary extraction of the silica from oxidized SiC to the amorphous silica surface layer, or from formation of SiO (g) as proposed in other work [37, 38] .
Beneath these layers was a well-densified matrix containing Zr, Si, and carbon, but no oxygen. A ∼5 µm glassy surface coating contained silicon, oxygen, and only a trace quantity of zirconium. There was no indication of the presence of tantalum in this layer, but the Ta EDS peak can be masked by the presense of silicon. A second layer of ∼20 µm thick contained zirconium, tantalum, silicon, carbon, and oxygen. This region appeared less porous than the corresponding second layer in ZBS18. This may be the result of the Ta 2 O 5 -SiO 2 liquid phase having a higher viscosity, leaving it less vulnerable to capillary extraction to the amorphous surface layer. This second oxide layer would then likely be more protective of the underlying diboride than the analogous layer in the ZBS series. The specimen interior contained Zr, Ta, C, and Si, with no oxygen detected.
